We propose and demonstrate a novel optical orbital rotation technique for trapped particle in a transversely misaligned dual-fiber optical trap. The orbital rotation frequency can be controlled by varying the power of two counterpropagating beams. We theoretically analyze an optical force field exerted on a trapped 10-m-diameter polystyrene particle and simulate its dynamic trajectory within a geometric optics regime framework. Results show that orbital rotation is realized by an optical force field with a vortex distribution that inherently stems from a transversely misaligned dual-fiber optical trap. The orbital rotation trajectory of the particle depends on the configuration of the transversely misaligned dual-beam optical trap rather than its initial position.
Introduction
Since the invention of optical tweezers, optical manipulation has provided many important applications in optically driven machines, cell manipulation, and microfluidics [1] - [5] . Over the past two decades, the dual-beam optical trap has become increasingly popular because it is economical and simple to operate. Moreover, it requires a relatively low optical power to capture particles effectively within a wide range of dimensions [6] - [10] . Compared with the single-beam gradient optical trap (optical tweezers), the dual-beam optical trap also has distinctive functions, including an optical stretcher [11] , [12] , optical spanner [13] , [14] , and optical binding [15] , [16] . The alignment of two counterpropagating beams within a fraction of the beam waist is generally critical for good trap operation [6] , [17] , [18] . However, recently, various misaligned dual-fiber optical traps have exhibited unique performances [13] , [19] - [21] .
Two possible types of fiber misalignment are positional and rotational misalignments [6] . Taguchi et al. developed a dual-fiber optical trap arrangement with two inclined lensed fibers (i.e., rotational misalignment) and demonstrated the levitation and translation of microspheres lying on the substrate [22] . Black et al. reported the development of a fiber-optic spanner and demonstrated the controlled spin of smooth muscle cells by introducing a transverse offset between two counterpropagating divergent beams emanating from single-mode optical fibers [13] . This technique has an implication in single-cell tomographic microscopy.
Apart from translation and spin, orbital rotation is another important motion type of trapped particles. The orbital rotation will be of importance for optically driven micro-machines and micropumping [23] , [24] . Moreover, the orbital rotation of microspheres can generate a solution vortex that can drive the rotation of some specimens. Thus, it can be extended to applications that require microfluidic mixing in a localized environment in the biological and chemical fields.
However, the orbital rotation of trapped particles is not fully researched on so far. As reported by Black et al., when a tracer particle was adhered to a fiber-optically spinning bead, its orbital rotation was actuated based on a fiber-optic spanner [13] , [19] . Angelsky et al. achieved controllable orbital rotation of suspended particles by two-beam interference technique with two circularly polarized beams [25] . Taguchi et al. proposed an optical orbital rotation technique for a microsphere in a transversely misaligned dual-fiber optical trap by controlling laser power emerging from optical fibers [20] . Blakely et al. demonstrated several flow-dependent particle manipulating capabilities through combination of fluid drag and optical scattering forces [26] . Applying selective angular offset between two beams and flow velocity, they realized single-and multi-particle orbital rotations. The aforementioned two methods have some drawbacks such as requirement of precise adjustments laser power or flow velocity.
The current study presents a novel optical orbital rotation technique for trapped particles, in which the transversely misaligned dual-beam optical trap directly provides the orbital rotation of the microsphere as a result of an inherent vortex force field. We demonstrated the controlled and stable orbital rotation of a 10 m microsphere and investigated the relationship between orbital rotation frequency and laser power. We theoretically calculated the optical forces exerted on a microsphere and simulated the trajectory of the microsphere, which is consistent with the experimental result.
Transversely Misaligned Dual-Fiber Optical Trap
The experimental arrangement, which is built with two transversely misaligned single-mode fibers, is shown in Fig. 1 . Two kinds of fiber (core diameter: 6 m, NA: 0.14) are coupled with two laser diodes through two fast variable optical attenuators and fiber splitters (1:99). The wavelengths of the two laser diodes are 980 nm and 1064 nm. Using two different laser sources prevents the generation of coherent interference. A fast variable optical attenuator is used to control the laser power of individual fiber arm. Then, 1% of the beam is directed toward a photodetector via a fiber splitter, which yields a power measurement method that uses a high sensitivity digital power meter and photodiode sensor. The other output ends of the two fiber splitters are inserted into a 250 m 2 glass slide channel. Each fiber is attached to a separate miniature 3-D translation stage to facilitate fiber alignment. The fibers are separated by a width of approximately 375 m, with their cores offset in the transverse direction by 14.6 m. The other perpendicular channel (diameter: 250 m) of the glass slide serves as the particle delivery input and output. The particles employed are 10 m-diameter polystyrene spheres with a refractive index of 1.574, which are mixed with a density-matching liquid. Imaging is achieved through a microscope with an objective. The objective is not required to form the optical trap; thus, it can be adjusted freely to visualize different horizontal planes. A charged-coupled device (CCD) camera is used to capture videos. The orbital rotation frequency of the microsphere can be adjusted by varying laser power. The relationship between orbital rotation frequency and trapping laser power is illustrated in Fig. 4 . Orbital rotation frequency increases with laser power. The data show that the relationship between orbital rotation frequency and trapping power is almost linear for the applied microsphere diameter and media viscosity value.
Experimental Results and Simulations
The coordinate system used in the simulations is shown in Fig. 1 . Consider a paraxial light beam propagating along the z axis. Let the transverse plane be parameterized by coordinate axes x , y . The origin of coordinate system o À xyz is set at the symmetric center point between fibers.
The optical beam emitted from the fiber has a Gaussian profile, i.e., it operates on the fundamental transverse mode (TEM 00 mode). The forces exerted on a trapped particle can be derived based on a ray-optics model that includes the Gaussian beam profile when particle size is in the Mie regime [9] , [27] . In general, ray-optics is a good approximation because the particle size in our experiment is 10 times larger than the wavelength. The surface of the trapped object is divided into a finite number of small surface fractions to calculate the optical force exerted by a Gaussian beam. The direction and intensity of the ray that shines on each surface fraction can be determined according to the Gaussian beam profile. The optical force component on each surface fraction can be obtained by calculating the difference between the photon momentum induced by the incident ray and that eliminated by the refraction and reflection rays. The total optical force exerted on the object is then calculated by adding all the optical force components across the entire object surface. The total optical force of the transversely misaligned dualbeam optical trap is obtained as the sum of the optical force vectors applied by the optical beams emitted by the two fibers [9] , [20] . To compare the simulation results with the experimental results, the parameters (i.e., wavelength, focus size, distance between fibers, transverse offset, bead size, and refractive index) are selected to be the same as those used in the experiments. Fig. 5 shows the calculated relative magnitude and direction of the optical forces acting on a microsphere in a transversely misaligned dual-beam optical trap as a function of the position of the particle in the x-z plane shown in Fig. 1 for a transverse offset of 14.6 m. Two arrows with solid lines represent two counterpropagating beam axes. The color of the arrows indicates the magnitude of the force, and the direction of the arrows denotes the direction of the force. The optical force field characterizes the vortex in the vicinity of the origin of the coordinate system o À xyz. That indicates that transversely misaligned dual-beam optical trap can create a vortex force field in the x-z plane.
The motion of an optically trapped particle can be modeled by Newton's equation
where r 00 , m, F V ðt Þ, and F ðr Þ are the velocity, mass, viscosity resistance, and total optical force, respectively, of the particle. Gravity force and buoyancy are ignored because they can be eliminated in the experiment. Viscosity resistance F V can be expressed as follows:
where is the viscosity coefficient of the surrounding medium, R is the radius of the sphere, and v represents the velocity of the microsphere. The program designed to simulate the dynamic behavior of the microsphere is based on calculating the position of the particle according to (1) after a small increment of time. The next position of the particle is derived from its final position and velocity over the previous time interval Át, the optical forces F ðr Þ on the microsphere, and viscosity resistance F V . The optical forces are set as constants over the time interval Át . The final velocity of the particle over the previous time interval acts as the initial velocity over the next time interval. The magnitude and direction of the optical forces on the microsphere are recalculated for the new position and the repeated displacement process. The process is repeated until the desired dynamic properties are obtained. Fig. 6 shows the dynamic x-z trajectory of the particle with a 14.6 m x -axis offset between counterpropagating beams. The initial position of the particle is indicated with a dot. For several different initial positions, the particle all approaches a stable oscillating orbit in the end. The final motion trajectories tend to be an elliptic orbit with the same period. The minor and major axis of elliptic orbit were about 11.8 m and 112 m, respectively. That is mainly consistent with the experimental result. The microparticle's orbital rotation frequency can be obtained from the frequency spectrum of its position signals when it is stably oscillating in simulation. Through changing different trapping beam powers, the simulation result about the relationship between orbital rotation frequency and trapping beam power is obtained and shown by dashed line in Fig. 4 . That indicates their approximate linear dependency. Compared with experimental result, their deviance mainly stems from that the time step of numerical simulation was not small enough.
Conclusion
We observe and describe the orbital rotation of a trapped particle by a transversely misaligned dual-fiber optical trap, which is the third important motion type for a trapped particle apart from translation and spin. The experiments show that the orbital rotation frequency is proportional to the laser power of the trapping beam. According to the ray-optics model, the transversely misaligned dual-beam optical trap inherently creates an optical force field with a vortex distribution exerted on the trapped particle, which actuates the orbital rotation of the trapped particle. We simulate the dynamic x-z trajectory of the particle with a 14.6-m transverse offset between counterpropagating beams. The simulation results agree with the experimental results. The trajectory of the particle depends on the configuration of the transversely misaligned dual-beam optical trap and is independent of its initial position.
In all, we demonstrate a direct and simple optical orbital rotation technique for trapped particle based on a transversely misaligned dual-beam optical trap. It neither requires the manipulation object to be much smaller than the spinning bead [13] , [19] , nor requires the optical fields to have a special spatial structure [25] . Moreover, this technique does not require controlling the laser power of the trapping beam or flow velocity [20] , [26] . Given its convenient operation and easy integration into a microfluidic platform, this technique has considerable direct significance in the fields of biotechnology and nanotechnology, such as in cell diagnosis, nanomotors, micropumps, and microfluidic mixing in a localized environment [23] , [24] .
